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STUDIES ON THE PATHOGENESIS OF VASCULAR DISEASE
Corneal Connective Tissue-Plasma Lipid Interactions**t
That diet and the state of the blood lipids are in some way related to the
establishment of arteriosclerosis is supported by voluminous epidemiologi-
cal, clinical, and experimental evidence, but the exact roles of these factors
in the pathogenesis of this important disease have not been clarified.
In this laboratory, experiments have demonstrated that lipids from the
ambient plasma, derived either from chylomicrons or from lipoproteins,
localize and accumulate selectively at the sites of acute inflammatory lesions
experimentally produced in the coronary arteries of animals." It was
emphasized that such localization of lipids is dependent, within wide ranges
of blood lipid levels, upon the presence of the inflammatory arterial foci.
With certain lipids and in certain circumstances, transformations of the
basic arterial lesions to fatty, foam-cellular granulomas, similar to those of
arteriosclerosis, have been observed. However, acute inflammatory foci in
muscular vessels such as the dog's coronary arteries can hardly serve as
pathogenetic models for the intimas of the elastic arteries of man, in which
arteriosclerosis preferentially develops. The living cornea has seemed to be
a more suitable site for the study of connective tissue-lipid interactions of
interest inthe pathologyofchronicvascular disease.
Background exists for such an approach. In the course of studies of
mustard gas injuries of the eyes in men and in experimental animals, Mann
and Pullinger8'9 in 1942 called attention to occasional deposits of cholesterol
and of other lipids in the corneal lesions. These deposits were associated
with vascularization from the limbus and were often accompanied by hemor-
rhage or by ulceration. Mann and Pullinger suggested that certain of the
lipid-connective tissue reactions occurring in the cornea resembled those in
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the arterial intima in atherosclerosis. Cogan and Kuwabara""4 have been
interested in the cornea as a site for the study of intracellular lipid synthesis
and its possible relation to atherogenesis. Recently (1958)' these investi-
gators have produced fatty intracorneal lesions by combining corneal injury
(thermal) and cholesterol feeding in rabbits.
Investigation of the reactions of the cornea in znvo to injected plasma
lipids was begun in this laboratory in 1955, and preliminary reports of many
of the observations that follow have been published."1'" The present paper
describes the experiments and the results in greater detail.
MATERIALS AND METHODS-GENERAL STATEMENT
In general the morphological reactions of dogs' or rabbits' corneas to intracorneally
injected plasma lipids and to other pertinent materials have been studied at various
time intervals after injection.
Healthy adult dogs and albino or Dutch strain rabbits maintained on standard, low-
fat laboratory rations were utilized. They were prepared for intracorneal injection by
intravenous Pentothal or Nembutal anesthesia, after which the conjunctival sacs were
copiously irrigated with physiological saline solution. Injection was made at moderate
pressures into the central area of the cornea through a No. 27-gauge hypodermic
needle. The amount of sterile serum or other material injected varied from 0.05 ml. to
0.15 ml.
Control materials injected intracorneally included physiological saline, clear serum,
or plasma from fasting dogs and rabbits, lipids extracted by ether from human serum,
and viosterol in oil.
In the experimental series, corneal reactions to chylomicrons, to chylomicron-free
opalescent human serum and plasma, to chylomicron-free opalescent animal serum after
cholesterol feeding, and to clear human serum and plasma fractions and clear animal
serum fractions after cholesterol feeding were tested. Also tested in a preliminary
fashion in the cornea were human lipoprotein concentrates, denatured serum lipopro-
teins, and plasma without anticoagulant from intact animals and from renal-artery-
ligated dogs.
Methods of preparation of control and experimental materials used for injection are
given in detail in appropriate sections of the report.
During the course of the experiments, the eyes were carefully observed for changes
in the gross appearance of the injected corneas. Depending upon the objective of the
experiment, animals were sacrificed at intervals varying from a few minutes to three
months after injection and their corneas were removed for histological study. Fixed in
10 per cent neutral formalin, frozen sections were stained with sudan IV for tissue
lipids. Paraffin sections stained with hematoxylin and eosin, by Masson's method or by
Mallory's phosphotungstic acid technique for fibrin, were examined, often in parallel
with the fat stains. Schultz reactions for tissue sterols were also carried out on frozen
sections.
Procedures for determination of serum lipid fractions were those in regular use in
this laboratory.1'
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CONTROL INJECTIONS
Microscopic examination of many control, normal dog, and rabbit
corneas revealed no sudanophilic material. The insertion of a 27-gauge
needle into the central area of the anesthetized dog's or rabbit's cornea pro-
duced a small lesion confined to the area penetrated. In the first few days
there was necrosis with some cellular exudate limited to the vicinity of the
needle tract. By one week, only a small, localized, fibrous scar remained,
often with epidermidization of the tract itself. No vascularization or lipid
deposit occurred. Likewise, injections of sterile physiological saline solu-
tion or of sterile, clear, chylomicron-free dog or rabbit serum or plasma
from animals on low-fat diets led to a nonvascular, needle-tract scar of
approximately the same size. The injection of these control substances ren-
dered the cornea immediately edematous and opaque. The saline-injected
corneas cleared rapidly, except for the scar of the needle tract, usually
within 24-48 hours, whereas the serum-injected eyes took a day or two
longer. No stainable lipid was present in any of these lesions microscopic-
ally and little change in collagen fibers was observed.
Occasionally there were breaks in sterile technique. When this occurred
with any of the materials injected, there ensued great edema of the cornea,
lasting opacity, large zones of necrosis, accumulation of polymorphonuclear
leucocytes, and abscess formation leading often to corneal ulceration. Little
difficulty was encountered in distinguishing such reactions from those asso-
ciated with the presence within the cornea of sterile plasma or its com-
ponents. It was noted, moreover, that sudanophilic granules were regularly
present in the cytoplasm of polymorphonuclear leucocytes if these appeared
in the cornea. Unless infection was present, needling of the cornea or the
injection of physiological saline or of normal dog or rabbit serum or plasma
did not result in vascularization. Of interest was the observation that fresh
human or dog plasma without anticoagulant did not clot when placed intra-
corneally in dogs. This phenomenon will be mentioned further in the section
describing the results of intracorneal injections of plasma from renal-
artery-ligated dogs.
In anticipation of studies of the interactions of corneal tissue and the
lipids in native plasma, preliminary studies on certain other lipids were car-
ried out. Viosterol (100,000 units vitamin D per ml.) in corn oil was in-
jected into six dog corneas. This oily material remained in the cornea in
droplet form. Over a three-week period it elicited no reactive response in
the corneal tissue, although loss of corneal stromal nuclei occurred in the
infiltrated areas (Figs. 1, 2).
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Six dog corneas were also injected with the lipids extracted by ether
from human ACD blood-bank plasma. This semisolid fatty substance was
observed in the corneas for six weeks. After injection the eyes cleared but
subsequently became vascularized. Around the lipid mass in the cornea
there was necrosis, fibrosis, and much phagocytosis of fat. Acicular crystals
often appeared within the lipid masses.
CORNEAL REACTIONS TO INJECTED CHYLOMICRONS
Chylomicrons were obtained from dog serum after a meal of olive oil
(100 ml.) and horse meat (0.5 lb.). A representative sample of such serum
contained: total cholesterol 99.6 mg.%o, free cholesterol 33.6 mg.%, lipid
phosphorus 12.2 mg.%o, and fatty acids 29.6 mEq./1. The serum was centri-
fuged at 5,000 r.p.m. for one hour in the preparative ultracentrifuge. After
centrifugation the upper cream layer (chylomicrons) was pipetted off and
was injected as such, or was washed two or three times in sterile saline and
recentrifuged before injection. These particles, before or after centrifuga-
tion, were visible in the low power of the microscope and cleared completely
and rapidly upon incubation with heparinized dogplasma.
Chylomicrons from human blood were prepared by similar centrifugation
of blood-bank plasma or from freshly drawn lactescent blood after a fatty
meal. They were injected intracorneally as saline-washed particles or in
their native medium, the effect of their presence in the cornea being eval-
uated by comparing corneal reactions to whole, hyperlipemic plasma or
serum with those following injection of the same plasma or serum after
centrifugation.
Seventy-eight corneas injected with 0.05 to 0.15 ml. of one of these
preparations have been examined at intervals up to three months following
injection (Figs. 3, 4, 5, 6, 7, 8). Results generally did not vary with either
hyperlipemic dog or human serum or with washed chylomicrons from
either source suspended in physiological saline. With the latter prepara-
tions the impression was gained that larger lipid droplets were present at all
stages in the cornea and that there was slightly more ingestion of lipoid
material by phagocytes.
Directly following injection, chylomicrons from dog or human serum
could be observed microscopically as minute sudanophilic droplets among
the lamellae of the edematous cornea. These droplets did not differ in ap-
pearance from chylomicrons in stained spreads of the original material.
After several days, agglomeration of much of the injected lipid had taken
place, resulting in large, intensely staining sudanophilic droplets and irreg-
ularly shaped fatty masses in the infiltrated zones. No cellular exudate was
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present at this time, and the cornea was no longer edematous. After three to
six weeks in nonvascularized corneas, at the margins of the lipid pool, small
accumulations of lipophagic mononuclear cells appeared. It could not be
determined with certainty whether these represented proliferation in situ
of the corneal stromal cells or whether these cells represented mononuclear
phagocytes from the limbus. Changes in the corneal stroma occurred pro-
gressively in association with the deposited lipids. The lamellar collagenous
fibers appeared to swell and to fuse into broad pale-staining, homogeneous
structures. These were stained diffusely with sudan dyes. The nuclei of
stromal cells had disappeared inthe zones so involved.
The above observations followed injection of large concentrations of
chylomicrons into the cornea. If smaller concentrations were injected, for
instance, 0.05 ml. of mildly lactescent (2+) dog serum, both dog and rabbit
corneas cleared almost completely within two to three weeks, and micro-
scopically demonstrable lipid disappeared. An additional observation of
interest was made. If a chylomicron-rich serum was cleared in vitro by
heparinized plasma and was then injected intracorneally, no sudanophilic
residue remained in the cornea.
In summary, serum chylomicrons within the cornea elicited only a mild
peripheral lipophage reaction together with fusion and homogenization of
corneal collagen within the lipid pool. Upon injection of small quantities
there was a marked tendency for chylomicrons to disappear without elicit-
ing corneal reaction.
With the advent of vascularization and the ingrowth of vascular pannus
from the limbus of the eye, striking changes in the character of the lesions
associated with chylomicrons occurred (Figs. 9, 10). Vascularization took
place, it should be pointed out, at variable times after injections of different
lipids, but appeared to be related more to the size of the injected lipid pool
and to its position rather than to the type of plasma lipid injected. After the
injection of chylomicrons from dog or human serum, vascularization usually
took place within three to four weeks. The corneal tissue between the limbus
and the intracorneal lipid pool became cloudy and edematous and fine capil-
lary loops reaching toward the central area of the cornea could be visualized.
As these approached the edge of the lipid pool, gross hemorrhage occurred
frequently from the leading capillary buds. Fibroblasts, mononuclear cells,
and scattered polymorphonuclear cells accompanied the capillary ingrowths.
Often the zone of contact of the ingrowing pannus with the connective-tissue
lipid pool became even more edematous, necrosis of tissue occurred, and
ulceration ensued. In contrast, without vascularization, ulceration of the
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cornea after injection of chylomicrons was rare unless infection had super-
vened.
As the vascular and fibrous pannus grew into the center of the cornea,
active phagocytosis of the lipids and of the altered lipid-impregnated col-
lagen of the lipid-injected area occurred. The lipophagocytosis was accom-
plished by large mononuclear cells and by spindle cells of fibroblast type.
The result of these cellular activities, a week or so after vascularization, was
the transformation of the area into a fatty, xanthomatous inflammatory
granuloma, associated frequently with hemorrhage or ulceration of the
cornea. It should be re-emphasized that such changes did not occur before
vascularization, the zone of the lipid pool remaining quiescent except for
themild marginal lipophagocytosis already described.
As vascularization of the intracorneal lipid-pool area progressed, it was
noted that lipid disappeared from the zones earliest involved. Microscopic
investigation of lesions of various ages indicated that the intracellular lipid
of the spindle-cell lipophages of the pannus became progressively less, ac-
counting for the observed depletion of sudanophilic materials. The final
result of the ingrowth of pannus from the limbus, if ulceration did not take
place, was dense corneal scar with no or little residual lipid. The attain-
ment of this stable state usually took from three to six weeks from the com-
mencement of capillary ingrowth from the limbus.
CORNEAL REACTIONS TO INJECTION OF SERUM OR PLASMA
Preparation of serum and plasma and their derivatives for intracorneal
injection must be given in some detail because of differences in the physical
state and distribution of lipids in the various materials. All serum was ini-
tially separated from clot by low speed centrifugal spins of 3,000 r.p.m. for
15 minutes. Clear serum from dogs or rabbits on low-fat diets was spun at
5,000 r.p.m. for one hour to remove any microscopically visible particles.
(16 mm. objective-10 x ocular, reduced transmitted light). After a large
olive oil-meat feeding, lactescent dog serum was obtained, which was freed
of microscopically visible particles by a spin of 5,000 r.p.m. for one hour.
The subnatant layer of such postprandial centrifuged dog serum was limpid
-without trace of opalescence. After two to four weeks of cholesterol feed-
ing in dogs or rabbits, lactescent sera were obtained. These contained
microscopically visible particles which contributed to, but which were not
responsible for, much of the lactescence of the serum. Such particles to-
gether with other lactescent materials were removed in the top serum layers
after centrifuge runs of 5,000 r.p.m. for one hour. The subnatant layers of
these sera from cholesterol-fed animals were often strongly opalescent but
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contained no particles resolved at 160 diameters in transmitted light. These
opalescent sera did not clear upon incubation with heparinized plasma in
vitro, and were considered, as Gofman' has pointed out, to contain lipopro-
tein lipids including many low density classes.
If opalescent, chylomicron-free sera from cholesterol-fed animals were
now spun at 30,000 r.p.m. in the preparative ultracentrifuge at the specific
gravity of serum, a turbid, creamy top layer was separable from the nearly
always limpid bottom layer. The top, lactescent layer dispersed in 1 ml. of
its own subnatant fluid contained no microscopically visible particles and
was not cleared by incubation with heparinized plasma. It was considered
to contain large quantities of low-density lipoproteins contributing to the
originally observed lactescence. The clear, bottom layers of sera of choles-
terol-fed animals after spins of 30,000 r.p.m. for an hour or more contained
residual lipoprotein.
In summary, limpid chylomicron-free sera could be obtained from animals
on low-fat diets by centrifuge runs of 5,000 r.p.m. for one hour. Clear,
chylomicron-free serum from dogs after a single olive oil-meat feeding could
be obtained by similar low-speed centrifugation. With cholesterol feeding
in animals, chylomicrons, but not opalescence, could be removed by centri-
fuging serum at 5,000 r.p.m. for one hour. Centrifugation at 30,000 r.p.m.
for one hour or more at the specific gravity of serum resulted in a turbid,
fatty top layer, in which the materials responsible for the opalescence were
concentrated, and a clear subnatant fraction which contained residual lipo-
protein lipids.
Human serum for intracorneal injection was obtained from healthy adult
donors in the post-absorptive state, or after mixed fat-containing meals.
Blood lipid levels in these donors were known to be within the usually ac-
cepted normal range. Human plasma was obtained as blood-bank plasma or
from recently outdated ACD bank blood. Low speed centrifugation (5,000
r.p.m. for one hour) of relatively clear postabsorptive serum or plasma re-
moved microscopically visible particles. These particles were cleared by
heparinized plasma in vitro. Faint opalescence occasionally remained in
even these samples, and in originally lactescent sera or plasma opalescence
was often prominent after microscopically visible particles had been re-
moved. There was great variation in the amount of this residual opacity
among postprandial sera or plasmas from different individuals. Subsequent
centrifugation at 30,000 r.p.m. for one hour or more concentrated the
lactescent materials in the top layers, leaving clear, nonopalescent subnatant
fractions.
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There were thus available for injection from human serum or plasma, as
in the cholesterol-fed animals, a chylomicron-rich fraction, an opalescent
fraction rich in low density lipoproteins, and a clear subnatant fraction con-
taining residual lipoproteins.
Native, post-absorptive, grossly clear plasma without anticoagulant was
prepared, free of visible microscopic particles, by centrifugation at 10,000
r.p.m. for 5 minutes in siliconized or paraffined tubes with all equipment
at40 C.
Corneal reactions to injected chylomicrons have already been described.
Approximately 200 corneal lesions resulting from injection of serum or
serum derivatives have been studied. Representative lesions are illustrated
in Figures 11-18.
The injection of small amounts of sterile, clear autologous or homologous
dog serum (from animals on low-fat, control diets) into the central areas of
dogs' corneas resulted only in transient corneal edema, as has been men-
tioned. Within three to four days after injection, the corneas were clear
without microscopic residue except for the scar of the needle tract. Similar
results followed the injection of like amounts of clear, control rabbit serum
into dogs' or rabbits' corneas.
The intracorneal reactions in dogs and rabbits that followed the injection
of small quantities of chylomicron-free serum from hypercholesterolemic
rabbits set a pattern that was observed also with serum from cholesterol-fed
dogs and with many concentrates of human serum and of human serum
lipoproteins.
Rabbits were fed raw egg-yolk mixed with chopped lettuce or with rabbit
pellets (Purina rabbit checkers-fat 2 per cent). After two to four weeks
of such feeding, the animals' sera were lactescent with greatly elevated
serum lipid levels. Serum cholesterols ranged from 300-3,000 mg.%. Low
speed centrifugation (5,000 r.p.m. for one hour) removed microscopically
visible particles, but not opalescence. Indeed, all opalescence was not re-
moved in some samples following spins of 30,000 r.p.m. for several hours at
the specific gravity of plasma. The opalescent, chylomicron-free serum has
been injected into a series of 30 dog corneas and 26 rabbit corneas, and has
been observed over a four-week period. Initial transient opacity and swell-
ing of the cornea resulted just as it had following the injection of control
serum. After edema subsided, a faint hazy zone corresponding to the posi-
tion of the injected serum droplet remained. Microscopically, an intense
sudanophilia of the corneal stroma persisted. Over a two-week period grad-
ual increase in opacity of the cornea occurred, limited exactly to the area of
the original serum infiltration and corresponding to the microscopically ob-
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served diffuse lipid deposits. This opaque area was not due to corneal
edema, and it was separated from the limbus by a completely clear corneal
zone. Microscopic examination of these corneas at successive intervals re-
vealed that the observed opacities were associated with progressive fusion
and homogenization of the corneal stroma and with active phagocytosis of
lipid and of swollen lipid-impregnated corneal fibers. Lipophages appar-
ently derived from fixed tissue cells in the area, as no proliferation or infil-
trative cellular activity could be observed in the clear zones between the
developing lesion and the limbus. Also there was increase of spindle cells
of fibroblast type in the area. Thus, in dogs' and rabbits' corneas, foam-
cellular xanthomata developed as a result of the intracorneal injection of
chylomicron-free, opalescent, cholesterol- and lipoprotein-rich rabbit serum.
The reaction was independent ofvascularization from the limbus.
The material in this serum responsible for opalescence could be concen-
trated by centrifuge runs of 30,000 r.p.m. for one hour. Such a concentrated
sample of rabbit serum contained: total cholesterol 440.0 mg.7%, free
cholesterol 223.0 mg.%o, lipid phosphorus 25.0 mg.%, and fatty acids, 88.0
mEq./1. Dispersed in its own subnatant fluid no microscopically visible
particles were present. Injected into dogs' or rabbits' corneas, intense
sudanophilia remained after subsidence of edema, and even more clearly
recognizable fatty intracorneal granulomas occurred than those following
injection of unconcentrated opalescent serum. With the clear, subnatant
fraction of serum from cholesterol-fed rabbits after 30,000 r.p.m. spins,
sudanophilia of the cornea and intracorneal lipophagocytic reactions oc-
curred, but were quantitatively much less than thtse just described. It
should be pointed otut that these fractions, although clear, still contained
much molecularly dispersed lipid.
Chylomicron-free, opalescent sera from dogs fed cholesterol in olive oil
was also injected into a series of dogs' and rabbits' corneas. These animals
had received 15-30 gms. of cholesterol dissolved in olive oil daily for two to
four weeks, together with 0.5 lb. of horse meat. Their total serum choles-
terols had shifted from the control range, 65-125 mg.%o, to the 250-350
mg.% level. As with similar sera from cholesterol-fed rabbits, lipid was
deposited intracorneally in diffuse form and led to lipophagic reactions
within two weeks. Such reactions were intensified by injection of concen-
trated opalescent fractions obtained by high speed centrifugation. Injections
of the clear subnatant fractions from such spins resulted in mi'ld diffuse
corneal sudanophilia in the zones of injection with little other reaction.
Lactescent human plasma from blood bank sources or postprandial serum
froin healthy adult donors was obtained. The lipid content of these ma-
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terials was not unusual for nonfasting bloods. Microscopically visible par-
ticles were removed by low speed spins as described for animal sera. The
residual opalescence of the centrifuged sera or plasmas varied, but was
often prominent. The opalescence was not always cleared in vitro by hepa-
rinized dog plasma. Injection of the opalescent human serum or plasma in-
tracorneally in dogs or rabbits gave rise without exception to diffuse stromal
sudanophilia, but without lipophage activity. Concentration of the opal-
escent material by centrifugation at 30,000 r.p.m. for one hour resulted in
the same intracorneal lipid deposits and lipophagocytic reactions that had
been observed following the injection of similarly prepared fractions of sera
of cholesterol-fed rabbits or dogs. A sample of concentrated opalescent hu-
man plasma that gave rise to lipophage reactions contained: total choles-
terol 425.0 mg.%, free cholesterol 200 mg.%, lipid phosphorus 23 mg.%
and fatty acids 84 mEq./1. Clear subnatants of human serum or plasma,
centrifuged at 30,000 r.p.m. for one hour led to milder corneal sudanophilia
without lipophage reaction. The sudanophilia, over a four- to six-week pe-
riod, tended to fade and disappear. If such clear human serum fractions were
injected two or three times into the same animal's cornea at four- to five-
day intervals, the stromal sudanophilia was intensified, and scattered li-
pophages appeared. A similar intensification of corneal sudanophilia was
encountered following injection of a centrifuged clear serum from a patient
with familial hypercholesterolemia (cholesterol 600 mg.%). It should be
pointed out that the sudanophilia invariably observed after the injection of
human serum persisted long after microscopic edema resulting from the
injection had disappeared.
In summary it can be said that clear control dog or rabbit serum from
animals on low fat diets did not leave stainable lipids within the cornea fol-
lowing injection. Chylomicron-free, lipoprotein-containing fractions of sera
from cholesterol-fed dogs and rabbits did result in corneal sudanophilia and
lipophage reactions, especially when these opalescent fractions were con-
centrated either through the inherent level of the blood lipids achieved by
feeding, or through centrifugation. Clear serum fractions containing resid-
ual lipoproteins produced less intense but definite corneal reactions. Single
injections of chylomicron-free, clear or slightly opalescent, unconcentrated
human serum or plasma from healthy donors with lipid levels in the usual
range led to corneal stromal sudanophilia, but not ordinarily to collagen
damage or to lipophage accumulation. However, injection of a fraction con-
taining the concentrated materials responsible for opalescence of human
serum led to intracorneal sudanophilia and to cellular reactions entirely
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Volume 31, February 1959FIG. 1. Dog cornea fourteen days after injection of viosterol in corn oil. Sudan IV
stain. Dark droplets of lipid remain ulchanged. x150.
FIG. 2. Dog cornea fourteen days after injection of viosterol in corln oil. Epithelium
above. Clear spaces represent lipid droplets. Fusion of collagenous lamellae in center
with loss of nuclei. H and E stain, x200.FIG. 3. Dog cornea six weeks after intracorneal injection of chylomicrons from dog
serum. Cornea not vascularized.
FIG. 4. Dog cornea with central chylomicron-lipid pool six weeks after injection.
Vascularization has begun. In zones of vascularization lipid is disappearing.
FIG. 5. Dog cornea three weeks after injection of dog chylomicrons. A small, rould,
edematous bleb is forming near edge of lipid pool where vascularization is occurring.
FIG. 6. Same cortnea as in Figure 5 one week later. Corneal hemorrhage and ulcera-
tion have occurred.FIG. 7. Dog cornea twelve days after injection of dog chylomicrons. Sudan IV staini.
Dark masses represent agglomerated chylomicrons. There is but little lipophagocytosis.
x200.
FIG. 8. Dog cornea three months after injection of dog chylomicrons. Corneal fibers
are spread by the lipid pool. Almost no cellular inflammatory reaction. No vasculariza-
tion or fibrosis. H and E stain. x600._ ,x
..
..
FIG. 9. Dog cornea thirty-five days after injection of dog chylomicrons. High power
view of edge of lipid pool. Vascularization has occurred. Above, fused collagenous
stroma with many lipophages. Below, vascular and fibrous pannus. H and E stain, x600.
FIG. 10. Dog cornea thirty-five days after injection of dog chylomicrons. There is
hemorrhage in the center of the lipid pool and xanthomatous transformation of the
vascularized lesion. H and E stain. x600.FIG. 11. Dog cornea ten days after injection of clear human serum. Sudan IV stain.
Collagenous lamellae are diffusely stained with dark sudanophilic material. There is no
edema and little lipophagocytosis. x440.
FIG. 12. Dog cornea ten days after injection of 0.1 ml. of clear human plasma. Sudan
IV stain. Upper portion of corneal stroma is diffusely stained by dark lipoid infiltrate.
There is no edema, and no fibrin deposit. x200.13 .
&. j .
FIG. 13. Dog cornea fourteen days after injection of chylomicron-free, opalescent
concentrate of human serum. Sudan IV stain. Near center swollen stromal lamellae
stain diffusely sudanophilic. There is intense lipophagocytosis. x600.
FIG. 14. Same cornea as in Figure 13. H and E stain, x600. Fusion of corneal
lamellae is well seen, with scattered foam cells.
rFIG. 15. Rabbit cornea seventeen days after injection of chylomicron-free, slightly
opalescent serum from cholesterol-fed rabbit. A large corneal opacity has developed
exactly in the lipid-infiltrated zone. There is no edema.
FIG. 16. Photomicrograph of the opaque corneal zone in Figure 15. Sudan IV stain,
x600. Almost all dark sudanophilic material is within spindle-cell and large mono-
nuclear phagocytes.FIG. 17. Dog cornea, nine days after injection of denatured lipoprotein from clear
human serum. Sudan IV stain, x500. Active lipophagocytosis.
FIG. 18. Same cornea as in Figure 17. H and E stain, x500. Stromal foam-cell
granuloma, without vascularization or inflammatory cellular exudate.Pathogenesis of vascular disease I WATERS
comparable to those occurring after injection of unconcentrated sera or con-
centrated serum fractions from animals on cholesterol-rich diets.
The ultracentrifugally separable fractions of sera from cholesterol-fed
rabbits and dogs and from humans responsible for these corneal reactions
are the subject of continuing investigations. So far a few observations can
be reported on known concentrated serum lipoprotein fractions. These were
kindly provided by Dr. Lena Lewis, Dr. A. Scanu, and Dr. Irvine Page of
the Cleveland Clinic. f8 lipoprotein and a-,B lipoprotein concentrates (spe-
cific gravity 1.063, NaCl) with lipid content about five times that of the
original sera were injected into a series of dogs' corneas, after dialysis
against saline and the removal of some insoluble material. The lipoprotein
solutions were faintly opalescent. Diffuse intracorneal sudanophilia re-
sulted, with lipophage reactions similar to those occurring after the injec-
tions of sera from cholesterol-fed animals. A strongly opalescent concen-
trate of Sf 3-8 serum lipoproteins from human serum has led to intense
sudanophilia of rabbits' and dogs' corneas, and after 9 days to active phago-
cytosis of lipid and to damaged stromal collagenous structures.
CORNEAL REACTIONS TO THE INJECTION OF INSOLUBLE SERUM LIPOPROTEINS
Throughout the experiments with serum or plasma injections intra-
corneally, it had been noted that lipid of lipoprotein origin was left in the
cornea after corneal edema had subsided. This suggested that lipoproteins
of serum might be rendered insoluble and that their lipids were retained in
the cornea. The following further investigation was carried out: Chy-
lomicron-free clear human serum from individuals with usual blood lipid
values was dried under reduced pressure in vitro from the liquid state. As
concentration proceeded, the serum was noted to become cloudy. After
drying, the serum was reconstituted to volume with distilled water. The
resultant solution contained large numbers of lipid-rich, insoluble particles.
A sample of this material centrifuged off as a supernatant creamy layer and
analyzed* contained: Cholesterol ester 20.1 per cent, free cholesterol 5.7
per cent, fatty acids 35.5 per cent, lipid phosphorus 11.1 per cent, protein
21.0 per cent. (Loss of lipid in the procedure was estimated at 6.6 per
cent.)
Varying degrees of denaturation of lipid-rich serum protein in individual
human sera occurred after standard drying. Such denaturation did not
occur in serum from rabbits or dogs on low-fat laboratory diets. However,
after short periods (two to four weeks) of cholesterol-fat feeding, when
* Through the kindness of Dr. Joseph Amenta.
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serum cholesterol levels in these animals had risen to the 250-350 mg.%
range or above, large quantities of the denaturable lipid-rich material were
demonstrable in the sera. The quantity present seemed roughly propor-
tional to the serum cholesterol levels and to the original opalescence of the
serum after removal of microscopically visible particles.
Insoluble lipid-rich protein particles were prepared by rapid dehydration
of chylomicron-free human serum or the sera of cholesterol-fed dogs or
rabbits. These particles, after washing, were suspended in 0.9 per cent
saline and were injected intracorneally into a large series of dogs and rab-
bits. The histologically observable events were the same whether the source
of the material was human serum or cholesterol-fed dog or rabbit serum.
The eyes cleared rapidly from the initial edema and opacity associated with
the trauma and volume of the injection. The particulate masses could be
observed grossly, lying in the corneal stroma. Histologically, after seven
days these areas stained intensely with sudan dyes, and active lipophago-
cytosis at the poles of the lipid-infiltrated zones was occurring (Fig. 17).
This lipophagocytosis became progressively greater and converted the in-
filtrated zone into a xanthomatous granuloma locally long before vascular-
ization from the limbus occurred (Fig. 18). The foam-cellular areas ob-
served gave strong Schultz tests for sterols. No foreign-body type giant
cells were observed. If vascularization of the area took place, the lipophage
activity already present was fortified. It should be emphasized, however,
that local lipophage activity with these insoluble serum protein derivatives
was prompt and vigorous. Polymorphonuclear leucocytic infiltration was
not observed at amy stage in the corneas. The corneal lesions following in-
jection of in vitro denatured lipoproteins differed in no way from those fol-
lowing lipoprotein-rich fractions of animal or human serum.
CORNEAL REACTIONS TO INTRACORNEALLY INJECTED PLASMA FROM
RENAL-ARTERY-UGATED DOGS
In an effort to circumvent the possible disadvantage of utilizing heterol-
ogous lipid-rich plasmas (from man or rabbit) for observations of corneal
connective tissue reactions in dogs, alternate plasma preparations were
sought. It is known that loss of renal excretory function in dogs results in
rapid elevation of the plasma lipid values.7 In all, bilateral renal artery liga-
tions were performed on 12 dogs. Their plasmas were collected after 72-96
hours without anticoagulant for injection intracorneally into other dogs.
Plasma lipid and nonprotein nitrogen values for a representative sample
follow: Total cholesterol: 386 mg.%, free cholesterol 112.0 mg.%, fatty
acids 29.0 mEq./l., lipid phosphorus 15.5 mg.%c, non-protein nitrogen 240.5
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mg.%. The plasmas were centrifuged free of particles in cold paraffinized
tubes. In vitro clotting times of these plasmas were markedly prolonged in
comparison to those of control plasmas similarly prepared. They were in-
jected into the corneas of anesthetized dogs in 0.1 ml. quantities. Without
exception (12 corneas) intracorneal clotting of injected plasma from the
renal-artery-ligated dogs occurred. It should be emphasized that these
plasmas paradoxically exhibited prolonged in vitro clotting times. As has
been mentioned, intracorneal clotting has not been observed with control
plasmas from normal humans or dogs.
Masses of amorphous material having the histological appearance of and
giving the staining reactions of fibrin were found microscopically at seven
days in the corneas injected with azotemic plasmas from renal-artery-
ligated dogs. In addition, the intracorneal fibrinous masses at this time in-
terval were diffusely sudanophilic. Subsequently, at the 14-day interval,
local organization of the fibrin was occurring at the margins of the deposited
masses. Fibroblasts and mononuclear cells exhibited marked lipophago-
cytosis so that the investing connective tissue assumed a xanthomatous,
foam-cellular appearance. In the fat stains, where lipid-laden macrophages
were present, the diffusely sudanophilic fibrin masses had disappeared. The
conclusion was drawn that large quantities of lipid had been deposited with
the fibrin and that this was being phagocytized as a part of the local cellular
reaction to the retained fibrin-lipid complex.
DISCUSSION
Corneal reactions to injected plasma, serum, and their contained lipids
find certain parallels in the morphology of arteriosclerosis. In the cornea,
the anatomical groundwork for pathologic reactions is similar to that in the
intima of large arteries of man. Both tissues are avascular in that they do
not have microscopically recognizable capillaries. Both the cornea and the
arterial intima are rich in mucopolysaccharides and in collagenous connec-
tive tissue in lamellar arrangement. Both have in proximity a capillary
blood vascular supply-in the cornea the capillary networks at the limbus,
and in the artery the adventitial and medial vasa vasorum. In both, these
capillaries are capable of rapid proliferation in support of ingrowing con-
nective tissue. The chief anatomical and physiological dissimilarities are
obvious. In the cornea there is no ambient blood flow, under pulsating
intra-arterial pressure. Endothelium of course is also absent in the model.
In the experiments reported, these deficiences have been arbitrarily circum-
vented by placing lipids, or serum or plasma containing lipids, directly into
the cornea. This procedure, which introduces factors of trauma as well as
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the substances under study, is perhaps justified by experimental evidence
previously obtained in this laboratory that lipids present in the blood local-
ize selectively at sites in the vessel wall where injury has occurred.
As a framework for discussion of the implications of the present observa-
tions for the pathogenesis of fatty arteriosclerosis, some of the similarities
of the experimental lesions observed and those of the disease in man may be
pointed out.
Lipid stains of small, superficial lesions of arteriosclerosis in young
individuals, and therefore presumably early lesions, reveal the majority of
the lipid to be outside of recognizable phagocytes, staining the connective
tissue lamellae diffusely. Lipophage activity at this stage is limited to scat-
tered spindle or large mononuclear cells present in the area. Injections of
unconcentrated, chylomicron-free human serum or plasma into dogs' or
rabbits' corneas leads to a diffuse sudanophilia of the corneal stromal
lamellae similar to that occurring in arteriosclerotic lesions in man. Strongly
opalescent, unconcentrated, chylomicron-free rabbit or dog serum or plasma
after cholesterol-feeding greatly enhances corneal sudanophilia and lipo-
phage reactions so that single injections of these substances often lead to
gross opacification of the cornea. Even more intense reactions result from
the injection of centrifugally concentrated opalescent fractions of human
serum or of concentrated serum fractions from cholesterol-fed animals.
Diffuse lipid impregnation of corneal stroma and foam-cellular accumula-
tion before vascularization are thus especially associated with the presence
of serum-lipoprotein lipids, and the concentration of these lipids in the cor-
nea is of first importance in determining the intensity of reaction. After
vascularization, either chylomicrons or lipids derived from lipoproteins con-
tribute to extensive foam-cellular accumulations in the cornea.
In arteriosclerosis in man one of the most consistent findings is morpho-
logically altered connective-tissue lamellae in the intima or inner media or
in the connective tissue of plaques. These lamellae appear swollen, pale,
"mucoid" in paraffin sections and with sudan dyes are stained diffusely or
with lipids in very fine droplet form. This connective tissue change may
occur in small, superficial lesions just under the endothelium, or it may
occur in any part of the diffusely thickened intima or focally in the depths
of a large intimal plaque. In many instances the pale swollen fibers can be
observed to be disintegrating among the more compact, resistant elastic
membranes. This disintegration is associated with accumulations of mono-
nuclear cells with lipophage activity. The lipid-connective tissue complex
is phagocytized, and the diffuse sudanophilia of the areas is cleared, the only
lipid remaining being now within the aforementioned macrophages. Exactly
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the same phenomenon occurs in the serum-injected cornea. Wherever
damage to lipid-stained lamellae has occurred, diffuse sudanophilia is lost
and the lamellae are replaced by lipid-laden macrophages. Further studies
are being carried out to determine if deposition of lipid in itself is responsi-
ble for the collagen changes observed. The quantitative aspects of this sub-
ject may be of the utmost importance. In summary, it appears that lipo-
protein-lipid of serum retained in avascular, connective-tissue sites, is
phagocytized along with damaged connective tissue to result in a foam-
cellular lesion, in many ways comparable to that of arteriosclerosis in man.
The incomplete inflammatory cellular reaction of small arteriosclerotic
lesions of man is almost exactly duplicated in the corneal reactions to in-
jected chylomicrons or to lipoprotein-containing fractions of plasma. Fixed
tissue cells or wandering mononuclear cells alone are mobilized in varying
amounts by the presence of these substances in the avascular corneal
lamellae. The reaction to lipoprotein lipid is much more vigorous than to
chylomicrons. With vascularization, the reaction to either chylomicrons or
to lipoproteins becomes more intense with great increase in cellular exudate,
which is for the most part mononuclear in character. The changes now are
more like those seen in late arteriosclerosis in man. Boyd,' as early as 1929,
emphasized the inflammatory character of certain stages of late lesions of
arteriosclerosis. Certainly, cellular exudate, hemorrhage, xanthomatous
transformation and scarring are commonly associated with vascularization
of atheromatous accumulations in arteries.17 It is tempting, on the basis of
the observation that corneal ulceration occurs frequently after vasculariza-
tion of the lipid-pool site, to suggest that, similarly, vascularization of
superficial arteriosclerotic plaques may hasten ulceration and thrombosis by
intensifying, after long relative dormancy, the local intramural inflamma-
tory process.
Apart from the anatomical comparisons cited, the observations indicate
that corneal tissue retains not only chylomicrons from injected plasma or
serum, but also that it retains the dispersed lipids from chylomicron-free
sera of normal humans. While no stainable lipids from sera of dogs or rab-
bits on low-fat diets are retained, large quantities are retained from the sera
of individuals of these species after short periods of cholesterol feeding. The
suggestion is inescapable that cholesterol feeding results in the presence in
the serum of dogs and rabbits of a lipid-protein complex which behaves in
the cornea as does a lipid-containing component of human serum. This ma-
terial from animal or human source can be rendered insoluble by in vitro
dryingof serum from the liquid state. Such denatured material placed intra-
corneally gives rise to local lipophage accumulations. Whether dehydration
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of lipoglobulins is the mechanism by which corneal connective tissue retains
originally molecularly dispersed plasma lipids, or whether it is by simple
mechanical filtration, or by yet another process, is the subject of further
investigation.
Of interest was the often repeated observation that native human or dog
plasma without anticoagulant did not clot within the cornea. On the other
hand, plasma from azotemic dogs invariably clotted on injection. The rea-
sons for these phenomena are not apparent and underscore how little is
known concerning the precise conditions associated with extravascular
clotting in sivo. Much diffuse lipid, presumably of lipoprotein source, was
present in the intracorneal clots resulting from the injection of azotemic,
lipid-rich plasma. In this connection Morrison10 has shown that fibrinogen
coagulating in vitro in the presence of serum carries down with it, or
"occludes," large quantities of serum lipoproteins.
SUMMARY
Following prior observations that plasma lipids localize selectively from
the blood at sites of experimentally produced arterial injury, an attempt has
been made to study directly the in tivo reactions of avascular connective
tissue to injected plasma, serum, and their contained lipids. A large series
of rabbit and dog corneas injected in zvvo with serum or plasma, or fractions
of serumor plasma, havebeenobserved fromthispoint ofview.
The normal dog or rabbit cornea contains no stainable lipid. The injec-
tion of physiological saline or of control, centrifuged plasmas or sera from
dogs or rabbits on low-fat diets leads to no deposits of lipids within the
dog's or the rabbit's cornea and to no corneal reactions except along the
needle tract.
The injection of chylomicrons or of chylomicron-rich plasma or serum
from animal or human source leads to prolonged retention of the contained
fatty particles. The presence of large masses of chylomicrons in the cornea
is associated with damage to collagen and with an incomplete inflammatory
reaction consisting of mild marginal lipophagocytosis. Injection of small
numbers of chylomicrons in their native medium elicits little corneal reac-
tion and the chylomicrons tend to disappear from the cornea after three to
four weeks.
If vascularization of the lipid-infiltrated area-corneal "fatty plaque"-
occurs, the inflammatory reaction is greatly enhanced, with edema, hemor-
rhage, xanthomatous transformation, scar formation, and often ulceration.
The investing pannus progresses through a foam-cellular stage to dense
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fibrous scar, nearly devoid of lipid. The morphological similarity of this
sequence to that occurring in late arteriosclerosis is pointedout.
Chylomicron-free, opalescent sera, or serum fractions, from cholesterol-
fed dogs or rabbits or from healthy adult humans, when injected into dogs'
or rabbits' corneas lead to diffuse deposits of sudanophilic materials in the
stroma. These serum fractions are rich in low density lipoproteins. Vary-
ing quantitatively with the materials injected, the deposited lipids are
phagocytized in situ before vascularization of the cornea occurs. Changes in
corneal collagenous structures, the accumulation of lipophages and of fibro-
blast-like spindle cells may lead to progressive plaque-like opacification of
the cornea. Attention is called to similar incomplete inflammatory reactions
and morphological sequences occurring in nonvascularized arteriosclerotic
lesions in man.
Drying of sera from normal humans or from cholesterol-fed dogs or rab-
bits renders variable quantities of lipid-containing proteins insoluble. This
denaturable material is not present in control sera of dogs or rabbits on low-
fat, low-cholesterol diets. It is present to some degree in all human sera so
far tested. In insoluble form it elicits a prompt and vigorous lipophage reac-
tion when placed intracorneally. This reaction is similar to that following
the intracorneal injection of serum fractions, rich in molecularly dispersed
lipoproteins.
In the course of the experiments, it has been observed that native human
or dog plasma does not clot intracorneally following injection, whereas
plasma from azotemic dogs coagulates massively in this situation. The
intracorneal clots from plasma of azotemic dogs contain much stainable
lipid.
Finally, studies are continuing on corneal connective tissue reactions to
varying concentrations of more specific lipid-containing components of hu-
man plasma, and the relations of these components to diet-with the objec-
tive of learning basic facts necessary for the eventual modification of such
interactions, which find their counterparts in arteriosclerosis in man.
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